Magnetic, electrical properties, and structure of Cr-AlN and Mn-AlN thin films grown on Si substrates by 遠藤  恭
Magnetic, electrical properties, and structure
of Cr-AlN and Mn-AlN thin films grown on Si
substrates
著者 遠藤  恭
journal or
publication title
IEEE Transactions on Magnetics
volume 41
number 10
page range 2718-2720
year 2005
URL http://hdl.handle.net/10097/46530
doi: 10.1109/TMAG.2005.854686
2718 IEEE TRANSACTIONS ON MAGNETICS, VOL. 41, NO. 10, OCTOBER 2005
Magnetic, Electrical Properties, and Structure
of Cr–AlN and Mn–AlN Thin Films
Grown on Si Substrates
Yasushi Endo, Takanobu Sato, Ayumu Takita, Yoshio Kawamura, and Masahiko Yamamoto
Department of Materials Science and Engineering & Frontier Research Center, Graduate School of Engineering,
Osaka University, Osaka 565-0871, Japan
We have studied magnetic, electrical properties, and structure of Cr–AlN and Mn–AlN thin films grown on the Si substrates. Each mag-
netic state in Al0 93Cr0 07N and Al0 91Mn0 09N thin films changes from a paramagnetic state to a superparamagnetic state as tempera-
ture decreases. Room temperature (RT) ferromagnetism cannot be observed in each thin film. Each electrical property in Al0 93Cr0 07N
and Al0 91Mn0 09N thin films becomes semiconducting, since the electrical resistivities of these thin films are higher than 107 
 cm at
RT. At 77 K, tunneling phenomena for the Al0 93Cr0 07N thin film and rectification for the Al0 91Mn0 09N thin film can be observed.
Furthermore, the crystal structure in each thin film is also a polycrystalline structure with the preferential orientation of hcp (0001).
Index Terms—Cr–AlN thin film, dilute magnetic semiconductor, Mn–AlN thin film, room temperature ferromagnetism.
I. INTRODUCTION
S INCE the discovery of carrier-induced ferromagnetism inInMnAs and GaMnAs [1], [2], dilute magnetic semicon-
ductors (DMSs) have been much more attractive as materials
for applications in spin-dependent electronic devices owing to
possessing semiconducting properties and magnetic properties
simultaneously. However, it is very difficult to produce the ap-
plication of these materials, because the Curie temperature
observed in these material is about 100 K and much lower than
room temperature. For useful practical applications of DMSs,
Curie temperature, namely, ferromagnetism must be achieved
above room temperature.
Recently, room temperature ferromagnetism has been ex-
perimentally observed in Mn–GaN, Cr–GaN, Mn–AlN, and
Cr–AlN [3]–[10]. For Mn–AlN thin films grown on sapphire
(0001) [5], the coercivity is approximately 70 Oe at room
temperature. For Al Cr N thin films deposited onto the
sapphire (0001) [7] and 7% Cr-doped AlN films grown on the
sapphire (0001) and 6H-SiC (0001) [9], both Curie tempera-
tures are higher than 900 K. The sapphire (0001) and 6H-SiC
(0001) substrates can be considered to play an important role
for the formation of room temperature ferromagnetism of Mn–
and Cr–AlN thin films. However, these substrates are not effec-
tive for applications in spin-dependent electronic devices. On
the other hand, for Si substrates, which is expected to be useful
for applications, magnetic state of Mn–AlN and Cr–AlN thin
films has not been reported, and so the relationship between the
magnetic, electrical properties, and the crystal characteristics
remains unclear. In this study, we choose thermal oxidized
Si (001) as the substrate, and investigate magnetic, electrical
properties, and structure of Cr–AlN, and Mn–AlN thin films
grown on the thermal oxidized Si (001) substrates in order to
clarify the ferromagnetism of these films.
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II. EXPERIMENTAL PROCEDURE
Cr–AlN and Mn–AlN thin films were fabricated at room
temperature (RT) by reactive dc magnetron sputtering onto
the thermal oxidized Si (001) substrates. The base pressure of
the system was better than 7 10 Pa and the Ar and N
mixture pressure during sputtering was kept at 0.4 Pa. The
typical deposition rates for Cr–AlN and Mn–AlN thin films
were 0.010 and 0.014 nm/s, respectively. The thickness of
specimens was changed from 5 to 250 nm. The composition of
Cr–AlN and Mn–AlN thin films was evaluated using the X-ray
photoelectron spectroscopy (XPS), and were determined to be
Al Cr N and Al Mn N. These Cr and Mn atoms
can be considered to occupy either an Al site or an interstitial
site of AlN.
The magnetic properties were carried out from 10 K to RT
by a superconducting quantum interference device (SQUID)
magnetometer with a maximum field of 55 kOe. The electrical
resistance and the – characteristic of specimens was mea-
sured by current perpendicular to the specimen plane (CPP)
geometry using crossed Au electrode junctions. The crystallo-
graphic structure of specimens was characterized by the high-
angle X-ray diffraction (XRD) using Cu–K radiation and a
transmission electron microscopy (TEM).
III. RESULTS AND DISCUSSION
The magnetization is shown in Fig. 1 as a function of tem-
perature for 100-, 150-, and 250-nm-thick Al Cr N and
Al Mn N thin films. In every case, the magnetization is al-
most null in the temperature range above 100 K, and remarkably
increases as temperature decreases in the temperature region
lower than 100 K. This can be considered that the magnetic state
is in a paramagnetic state at RT, and is in a ferromagnetic state
or a superparamagnetic state in the temperature range below
100 K. In order to clarify the magnetic state for Al Cr N
and Al Mn N thin films in detail, the magnetization curves
at RT and 10 K are shown in Fig. 2. In each case, the magnetiza-
tion at RT disappears for all magnetic fields. They reveal that the
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Fig. 1. Magnetization as a function of temperature for 100-, 150-, and
250-nm-thick Al Cr N and Al Mn N thin films. The magnetic
field of 10 kOe is parallel to the specimen plane.
Fig. 2. Magnetization curves at 10 K and RT for 250-nm-thick Al Cr N
and Al Mn N thin films. The gray line is the curve derived from Langevin
fitting of M–H curve at 10 K of each specimen. The magnetic field is parallel
to the specimen plane.
magnetic state at RT becomes paramagnetic in each specimen.
On the other hand, at 10 K, each magnetization does not saturate
even for the magnetic field of 40 kOe and the curve does not ex-
hibit remanence or coercivity. From Langevin fitting of –
curve at 10 K of Al Cr N and Al Mn N thin films
in Fig. 2, the effective magnetic moment of these thin films can
be determined to be 0.51 /Cr atom and 0.35 /Mn atom,
respectively. These values indicate that 17% of the Cr is mag-
netically activate for the Al Cr N thin film in comparison
with the expected magnetic moment of 3 /Cr atom, and that
9% of the Mn is magnetically activate for the Al Mn N
thin film in comparison with the expected magnetic moment
of 4 /Mn atom. These values are also similar to the ferro-
magnetic state reported in [9]. From these results, it can be con-
cluded that the magnetic state at 10 K is in a superparamagnetic
state in each specimen. It is also found that room temperature
ferromagnetism cannot be observed in each specimen grown on
the thermal oxidized Si substrate.
The temperature dependence of the electrical resistivity for
250-nm-thick Al Cr N and Al Mn N thin films is
shown in Fig. 3. Each electrical resistivity becomes higher
than 10 cm at RT, and is also enhanced exponentially
as temperature decreases. It can be seen that the electrical
property becomes semiconducting in each specimen. As shown
in Fig. 4, the nonlinear – characteristics can be observed in
the 250-nm-thick Al Cr N thin film. This is reproducible
for several specimens. Furthermore, this phenomenon is inde-
pendent of film thickness. This phenomenon might be caused
by the tunneling phenomena mediated across impurity level of
Cr. In contrasts, in the case of the 250-nm-thick Al Mn N
thin films, the – characteristic becomes asymmetric shape.
Fig. 3. Temperature dependence of resistivity for 250-nm-thick Al
Cr N and Al Mn N thin films.
Fig. 4. I–V characteristics at 77 K for 250-nm-thick Al Cr N and
Al Mn N thin films.
Fig. 5. High-angle XRD profiles of 100-, 150-, and 250-nm-thick Al
Cr N and Al Mn N thin films. The broken lines present the peak
positions of the bulk-AlN and bulk-Si.
It can be caused by the rectification at metal/semiconductor
junction.
High-angle XRD profiles for 100-, 150-, and 250-nm-thick
Al Cr N and Al Mn N thin films are shown in
Fig. 5. In every case of Al Cr N thin films, AlN (0002)
peak can be observed clearly, and AlN (0004) and (0006) peaks
appear with increasing the film thickness. These peak positions
are coincident with that of bulk AlN. These indicate that AlN
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Fig. 6. Selected area diffraction patterns of 50-nm-thick Al Cr N and
Al Mn N thin films.
(0002) planes are predominantly oriented in the film plane for
Al Cr N thin films. From these results, it can be seen
that each Al Cr N thin film prefers to -axis orientation.
On the other hand, in every case of Al Mn N thin films,
AlN (0002) peak can be observed clearly, and its peak posi-
tion shifts to a little lower angle side than that of bulk AlN.
The peak originated from AlN (0004) can also be obtained
at around , and its peak position becomes lower
than that of bulk AlN. Additionally, the small peak appears at
about as the film thickness increases. This peak is
derived from AlN (0006) peak, and its peak position shifts to
much lower angle side than that of bulk AlN. These peak shifts
reveals that axis elongates in the direction perpendicular to the
specimen plane. From these results, it can be pointed out that
each Al Mn N thin film also prefers to -axis orientation.
Note that no peaks corresponding to any other possible phase,
such as Cr–N, Cr–O, Mn–N, and Mn–O, are observed in each
specimen.
Furthermore, in order to clarify the crystal structure of
Al Cr N and Al Mn N thin films in more detail,
we made TEM observation of these thin films. The selected
area diffraction patterns of 50-nm-thick Al Cr N and
Al Mn N thin films are shown in Fig. 6. In each spec-
imen, ,
and diffraction rings caused by hcp-AlN
can be observed clearly. In addition, and
derived from hcp-AlN can also appear in the Al Mn N
thin film. It can be concluded on the base of these results
that Al Cr N and Al Mn N thin films possess the
polycrystalline hcp-AlN structure. Note that no diffraction
rings corresponding to any other possible phase, such as Cr–N,
Cr–O, Mn–N, and Mn–O, are observed in each specimen.
IV. CONCLUSION
The magnetic, electrical properties, and structure of Cr-AlN
and Mn-AlN thin films grown on the thermal oxidized Si
(001) substrates have been studied in detail. As to mag-
netic properties, room temperature ferromagnetism cannot
be observed in each specimen. The magnetic state changes
from a paramagnetic state to a superparamagnetic state with
decreasing temperature. Each effective magnetic moment
of Al Cr N and Al Mn N thin films are also
0.51 /Cr atom and 0.35 /Mn atom. As to electrical
properties, each electronic state becomes semiconducting with
tunneling phenomena for Al Cr N thin films and with
rectification for Al Mn N thin films. In addition, as to
structure, each specimen possesses a polycrystalline structure
with the preferential orientation of axis.
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